Introduction {#s1}
============

Leaf veins are composed of xylem and phloem cells that are embedded in parenchyma, or sometimes sclerenchyma, and are surrounded by bundle sheath cells ([@B32]). The xylem of leaves transports nutrients and water, in order to facilitate leaf photosynthesis and transpiration, whereas the phloem exports leaf photosynthates and signal molecules to the rest of the plant ([@B33]; [@B32]). Thus, the design and function of leaf venation, especially in regards to minor leaf veins (i.e., the high order veins in leaves), play key roles in plant growth, species assemblages in communities, and the energy, water and nutrient cycles of ecosystems ([@B7]; [@B8]; [@B32]; [@B19]). Among leaf vein traits, the total length of minor leaf vein per unit leaf area (e.g., vein density, VD) and vein thickness (VT) have attracted increasing interest in a wide range of fields (e.g., in agriculture, paleoecology and paleoclimatology, even in urban ecology) ([@B33]; [@B14]; [@B32]), because of their importance in maintaining leaf water status and photosynthetic capacity ([@B9]; [@B2]; [@B8]; [@B32]).

Variation in leaf venation pattern is influenced at both the ontogenetic and evolutionary levels by a variety of climatic and environmental parameters ([@B37]; [@B32]; [@B5]). Plants can modify the geometry and structure of leaf venation to adapt to different hydraulic environments ([@B10]; [@B13]; [@B5]). In drier regions, for example, the lower air humidity increases the diﬀerence between the water content of the leaf interior and the atmosphere, and thus the vapor pressure deficit increases, which eventually results in increased transpiration ([@B37]; [@B35]). In order to maintain a suitable leaf water supply-demand balance, plants can invest in higher VD to satisfy high transpirational demand ([@B10]; [@B32]; [@B5]; [@B6]). Meanwhile, VT decreases with increasing aridity, in order to minimize the cost of vein construction ([@B2]) and to maintain vein spacing at levels that do not impede photosynthetic rate ([@B14]; [@B35]). Thus, environmental factors that increase the transpiration of plants or decrease water availability tend to mediate greater VD and lower VT ([@B37]; [@B32]). Indeed, some data from short-term control experiments and observations in the field have confirmed the association between climate and VD by demonstrating that sun-adapted species and species from relatively dry or high-temperature climates tend to possess greater VD ([@B10]; [@B32]; [@B6]). However, based on the analysis of 238 herbarium specimens, [@B35] reported the weak overall relationships between vein traits and climatic variables. Additionally, based on a survey of 485 global species, [@B33] emphasized that both larger leaves from moist regions and small leaves from dry regions may possess high VD. These studies suggest that trait--environment relationships can be obscured by different underlying processes, such as adaptive strategies and phylogenetic constraints, and, therefore, require further study ([@B6]; [@B35]).

Although some plants have demonstrated a capacity to modify the conductivity and density of leaf veins under different hydraulic condition, it seems that, in many clades of land plants, the topology of vein branching is relatively conservative and slow to evolve ([@B7]; [@B10]; [@B32]). Minor leaves veins, for example, have been reported to become denser and thinner during the radiation of angiosperms, whereas more basal angiosperm and non-angiosperm lineages (e.g., ferns and gymnosperms) generally possess relatively low VD values ([@B7]; [@B15]; [@B14]). Moreover, significant phylogenetic signals have been detected among the VD, inter-vein maximum distance, and vascular bundle radii of both closely and distantly related phylogenetic clades (e.g., [@B44]; [@B23]), indicating that variation in vein traits is constrained by phylogenetic background. If these minor leaf vein traits are phylogenetically conserved, leaf venation network would be less affected by the environmental factors and keep relatively stable under changing environmental conditions. By contrast, leaf venation and the relevant plant physiological process would vary with the changed environments. Therefore, to understand how vein trait variation is shaped by plant phylogeny and environmental factors is urgently needed to advance the understanding of plant adaptive strategies to fluctuating environments ([@B26]; [@B5]; [@B6]). As an important criterion of plant classification, leaf vein traits should be relatively invariant for a given species, and thus we propose the leaf vein trait phylogenetic conservatism hypothesis, which means that differences in leaf vein networks can be mainly attributed to intrinsic evolutionary adaptations among major phylogenetic clades, with plants evolving denser and thinner minor leaf veins to counter the reduction in atmospheric CO~2~ concentrations that occurred during the Cretaceous ([@B8]; [@B14]; [@B32]).

In addition, considerable differences in leaf vein traits are found in different growth forms. For example, mean VD is generally lowest in herbs and greatest in trees, with intermediate values in shrubs ([@B32]). Moreover, their adaptation to severe habitats (e.g., drought) are different, with a general trend to decrease from drought-deciduous shrubs and ephemeral life-forms to trees with evergreen leaves ([@B42]; [@B29]). Thus, we expect the phylogenetic conservation of vein traits may differ between trees and shrubs, with less phylogenetic conservatism in the vein traits of shrubs, owing to their greater capacity for environmental adaptation.

To test these hypothese, we examined leaf vein traits of 93 tree and shrub species along a 2,000-m altitudinal gradient in central China. These selected species encompassed broad phylogenetic lineages, which allowed the trait variation and its potential drivers to be investigated from a phylogenetic perspective. Three leaf vein traits that contribute to the hydraulic function and construction cost of leaves, namely VD, VT, and total vein volume per leaf area (VV) ([@B33]; [@B32]), were selected for analysis.

Materials and Methods {#s2}
=====================

Study Site and Sampling Methods {#s2_1}
-------------------------------

The present study was conducted on the northern slope of Taibai Mountain Nature Reserve (33° 49′N--34° 10′N, 107° 19′ E --107° 58′E) in Shaanxi Province, central China. The elevations of the nature reserve vary from 1,060 to 3,767.2 m, and Taibai Mountain is the highest mountain east of Qinghai--Tibet Plateau in mainland China. Along this altitude, the huge topographic and climatic differences result in a vertical zonation of major forest types. For example, in northern slope of Taibai Mountain, deciduous broadleaved forest dominated by *Quercus* spp. was the typical vegetation type below 2,300 m, whereas temperate birch forest, which was dominated by *Betula albosinensis* and *B. utilis*, was prominent from 2,300 to 2,800 m. Fir (*Abies fargesii*) forest and Larch (*Larix potaninii* var. *chinensis*) forest occurred at higher altitudes (2,600--3,000 m and 3,000--3,350 m, respectively) and formed a climate-induced treeline. Alpine shrubland, which was dominated by *Rhododendron capitatum*, was found above 3,350 m ([**Supplementary Figure S1**](#SM1){ref-type="supplementary-material"}) ([@B31]; [@B36]).

To investigate the leaf vein traits in typical vegetation zones, five sampling sites with four experimental plots (20 × 20 m plot for forest sites, 5 × 5 m plot for shrubland) at each vertical vegetation belt were established along the altitudinal gradients. In our sampling sites, the range of elevation is 1,374--3,375 m (a 2,000 m altitude gradient), which covers all typical vegetation types in Taibai Mountain ([**Supplementary Table S1**](#SM1){ref-type="supplementary-material"} and [**Figure S1**](#SM1){ref-type="supplementary-material"}). In each plot, 20 fully expanded sun leaves were collected from at least four individuals of each plant species, 93 woody species from 62 genera and 39 families were sampled in total. Some of the species occurred frequently, whereas others occurred at only one or two sites ([**Supplementary Table S2**](#SM1){ref-type="supplementary-material"}). Notably, except *L. potaninii* var. *chinensis*, all sampled conifers are evergreen trees. All of three evergreen angiosperm species in our dataset belong to Ericaceae family and shrub.

Leaf Vein Observation {#s2_2}
---------------------

For each species, five leaves were randomly chosen for anatomical study. A 1-cm^2^ section was cut from each leaf without any primary veins. The leaf veins were then subject to chemical clearing ([@B33]; [@B5]). Briefly, the leaf samples were immersed in a 7% (w/v) solution of NaOH (in H~2~O); heated to 100°C for approximately 3 min, until the samples became transparent; rinsed in H~2~O for 30 min; transferred to 5% (w/v) NaOCl (in H~2~O) for 5 min; and rinsed again in H~2~O for 3 min. Next, the leaf samples were stained in 1% (w/v) safranin O for 15 min, in order to color the lignin-rich veins, and finally, the samples were mounted on microscope slides and photographed at 200× magnification using a Motic BA210 microscope (Motic Medical Diagnostic Systems, Co., Ltd., Xiamen, China). A total of 1260 leaf vein images were subject to analysis. Vein length and thickness (VT, μm) were measuring using digital images and Motic Images Plus 3.0 (Motic Medical Diagnostic Systems). Vein density (VD, mm mm^--2^) was measured as vein length per unit leaf area, and leaf vein volume (VV, mm^3^ mm^--2^) was calculated according to [@B33]:$$\text{VV} = \pi \times \left( \frac{\text{VT}}{2} \right)^{2} \times VD$$

Climatic Variables {#s2_3}
------------------

Climatic variables for each sampling site, including mean annual temperature (MAT) and mean annual precipitation (MAP) were collected from the WorldClim global database with a spatial resolution of about 1 km^2^ (<http://www.worldclim.org>). Values of aridity index (AI) are downloaded from Global Aridity Index and Potential Evapotranspiration (ET0) Climate Database v2 (<https://cgiarcsi.community/2019/01/24/global-aridity-index-and-potential-evapotranspiration-climate-database-v2/>). Lower values of AI indicate a drier climate.

Species Phylogeny {#s2_4}
-----------------

Species names were checked and standardized according to The Plant List (<http://www.theplantlist.org/>). Angiosperm order and family assignments were based on the Angiosperm Phylogeny Group IV classification ([@B1]). A phylogenetic tree was constructed using the comprehensive species-level angiosperm phylogeny ([@B43]) in phylomatic version 3 (<http://phylodiversity.net/phylomatic/>).

Data Analysis {#s2_5}
-------------

All analyses were conducted using the R 3.1.1 statistical platform (R Core Development Team, <http://www.r-project.org/>). Vein trait data were log~10~-transformed to obtain approximate normality and residual homogeneity.

Data of each species was first classified into different groups: growth form (GF, shrub and tree), leaf type (needled-leaves vs. evergreen and deciduous broadleaved species). To test for differences in vein traits of the various groups, both standard and phylogenetic one-way analyses of variance (ANOVA) were performed on the raw data, using the R function 'aov' with Tukey\'s significant difference test as well as the 'phy.anova' function in the R package 'Geiger'. The bivariate analyses of VT--VD relationship was then performed using ordinary least squares (OLS) linear regressions. Differences in the slopes and elevations of these relationships between trees and shrubs were evaluated by standardized major axis estimation (SMA) estimation with the R package 'smatr'. Phylogenetic generalized least squares (PGLS) analysis was also performed to evaluate the impacts of phylogenetic autocorrelation on the trait relationships.

To assess the phylogenetic conservatism of each trait, we tested for phylogenetic signal in all traits by performing the Blomberg\'s *K* statistic ([@B4]) and Pagel's λ tests ([@B30]) in the R package 'phytools'. Larger values in *K* and λ indicate a greater phylogenetic conservatism for the given trait. Significance was testing *via* comparison of the variance of standardized contrasts to random values obtained by shuffling trait data across the tips of the tree 999 times.

To determine the effect of phylogenetic and environmental variables on the vein traits of all species, trees, and shrubs, the variance component of each trait was first partitioned into taxonomic, environmental (site), and residual components by using residual maximum likelihood procedures. The phylogenetic effect was defined as a hierarchically nested structure '(clade/order/family)'. The overall random term within the variance components model was (site + (clade/family/species)), and no fixed factors were defined. Thus, the variation in vein traits that was caused by environmental variables was assigned to the 'site' component of the model, whereas the variation that resulted from sampling error was assigned to the 'residual' term ([@B41]).

Subsequently, differences in vein traits from different altitudes were calculated, and each of the traits was analyzed using linear mixed-effects models with the restricted maximum likelihood method in the R package 'lme4'. In these analyses, site was treated as a random effect, and the climatic variable, GF, and their interaction were treated as fixed effects. To avoid problems of collinearity among the climatic variables (Pearson\'s correlation coefficients \>0.9), only the AI was included in these analyses. Due to the unbalanced data, the variance explained by the model was calculated using type III sums of squares and conservatively partitioned among fixed factors by calculating the variance explained by adding the focal factor after other factors had been included in the model. The sums of squares explained by random effect and its significance were estimated using the 'r.squaredGLMM' function and 'exactRLRT\' function in R package 'MuMIn,' respectively ([@B20]).

Results {#s3}
=======

Trait Variation {#s3_1}
---------------

Leaf vein traits of the 93 woody species varied greatly across species ([**Table 1**](#T1){ref-type="table"} and [**Figure 1**](#f1){ref-type="fig"}). VD exhibited the least variation (coefficient of variation, CV = 0.34), ranging from 1.29 mm mm^--2^ in *A. fargesii* to 14.59 mm mm^--2^ in *Juglans mandshurica*, whereas VT exhibited inverse variation, ranging from 9.36 μm for *Castanea mollissima* to 182.74 μm for *A. fargesii*. Vein volume exhibited the greatest variation of the three measures (CV = 1.13).

###### 

Differences in leaf vein traits among plant functional groups.

  Plant functional group   *n*   VD (mm mm^-2^)           VT (μm)                               VV (mm^3^ mm^-2^×10^-3^)                         
  ------------------------ ----- ----------------- ------ ----------------- ------------------- -------------------------- -- ------------------ ------
  All                      93    6.34 ± 2.18       0.34                     30.11 ± 21.30       0.71                          5.00 ± 5.66        1.13
  **Growth form**                                                                                                                                
  Tree                     41    6.70 ± 2.49       0.37                     35.05 ± 28.78       0.82                          6.56 ± 7.40^a^     1.13
  Shrub                    52    6.05 ± 1.87       0.31                     26.22 ± 11.58       0.44                          3.76 ± 3.35^b^     0.89
  *P* (*P~phy.anova~*)           0.351 (0.331)            0.121 (0.334)                         \<0.001 (0.169)                                  
  **Leaf type**                                                                                                                                  
  Needled-leaves           3     3.10 ± 1.57^a^    0.51                     113.02 ± 63.03^a^   0.56                          26.72 ± 13.27^a^   0.50
  Deciduous tree           38    6.99 ± 2.33^b^    0.33                     28.89 ± 12.21^b^    0.42                          4.97 ± 3.76^b^     0.76
  Deciduous shrub          49    6.06 ± 1.91^b^    0.32                     25.82 ± 11.72^b^    0.45                          3.68 ± 3.41^b^     0.93
  Evergreen shrub          3     5.96 ± 1.19^b^    0.20                     32.75 ± 7.23^b^     0.22                          5.15 ± 1.93^b^     0.38
  *P* (*P~phy.anova~*)           \<0.001 (0.266)          \<0.001 (0.115)                       \<0.001 (0.219)                                  

VD, vein density; VT, vein thickness; VV, vein volume per area; *n*, species number; CV, coefficient variation.

*P* and *P~phy.anova~* denote the *P* values to test the effect of plant functional groups on the each vein trait according to standard and phylogenetic one-way analyses of variance (ANOVA).

Trait values are mean value ± 1 SD (standard deviation). Statistical differences are denoted by different letters (*P* \< 0.05).

![Variation in vein density (VD) with plant phylogeny and growth form. Bars represent standardized values for VD, with outward and inward bars representing values above and below the mean, respectively, and colors representing different growth forms. Branch colors in phylogeny represent main phylogenetic clades. Ma, million years ago.](fpls-10-01735-g001){#f1}

Remarkable trait variation also occurred among the plant functional groups ([**Table 1**](#T1){ref-type="table"} and [**Figure 1**](#f1){ref-type="fig"}). Tree leaves tended to have greater VV than shrub leaves (*P \<* 0.01) but similar VD and VT (both *P \>* 0.05), and needled leaves had lower VD values than broad leaves but higher VT and VV (all *P \<* 0.01), whereas there were no significant differences in any of the measures when comparing the evergreen and deciduous species (*P \>* 0.05). Additionally, there were no significant differences when these data were examined by phylogenetic ANOVA.

In regard to the phylogenetic clades ([**Figure 1**](#f1){ref-type="fig"} and [**Supplementary Table S3**](#SM1){ref-type="supplementary-material"}), different vascular plant groups populated distinctive ranges in vein traits. For example, conifers encompassed a narrow range of low VD values, ranging from 1.29 mm mm^--2^ in *A. fargesii* to 4.10 mm mm^--2^ in *Juniperus pingii*. Meanwhile, both the asterid and rosid species exhibited considerably broader ranges in VD, ranging from 3.14 to 9.7 mm mm^--2^ in the asterids and from 3.66 to 14.59 mm mm^--2^ in the rosids.

Trait Correlation {#s3_2}
-----------------

Ordinary regression indicated strong negative relationships between VT and VD across all species, trees, and shrubs (*R^2^* values of OLS analyses = 0.12--0.24, all *P \<* 0.01, [**Figure 2**](#f2){ref-type="fig"} and [**Supplementary Table S4**](#SM1){ref-type="supplementary-material"}). In shrubs, VT remained significantly related to VD when phylogenetic effect was removed. However, the VT--VD relationship became insignificant after removing phylogenetic effect for all species (*R^2^* value of PGLS analysis = 0.01, *P \>* 0.05) and trees (*R^2^* value of PGLS analysis \<0.01, *P \>* 0.05). In addition, the slope of the VT--VD relationship was affected little by growth form (*P* = 0.794), although the elevation (y-intercept) of the trees was clearly higher for shrubs (*P =* 0.008, [**Supplementary Table S5**](#SM1){ref-type="supplementary-material"}).

![**(A, B)** Shows the relationships between vein thickness (VT) and density (VD) by ordinary least squares (OLS) and phylogenetic generalized least squares (PGLS) methods across all species, trees and shrubs, respectively. Model results of two methods are given in [**Table S4**](#SM1){ref-type="supplementary-material"}. In **(B)**, the differences in slopes and intercepts between trees and shrubs are tested *via* a standardized major axis (SMA) test (results given in [**Table S5**](#SM1){ref-type="supplementary-material"}). 'Slope', difference in standardized major axis (SMA) slopes; 'Elevation', difference in SMA elevations (y-intercept); NS, not significantly different; \*\**P \<* 0.001.](fpls-10-01735-g002){#f2}

Phylogenetic Patterns {#s3_3}
---------------------

Phylogenetic information exerted strong effects on leaf vein traits, but the strength of these effects was dependent on the trait measured and on plant growth form ([**Table 2**](#T2){ref-type="table"}). Across all species, only VD exhibited significant phylogenetic signals according to Blomberg\'s *K* (*K* = 0.38, *P \<* 0.01), whereas the phylogenetic signals of VT and VV were significant according to the Pagel\'s test (*λ* = 0.74--0.82, all *P \<* 0.01). For trees, all the vein traits exhibited significant phylogenetic signals according to both Blomberg\'s *K* and Pagel\'s λ values (value = 0.31--1.36, all *P \<* 0.05). However, no significant phylogenetic signals were observed for the shrub species (value = \< 0.01--0.37, all *P \>*0.05).

###### 

Blomberg\'s *K* and Pagel\'s λ values of leaf vein traits for different growth forms.

       All          Tree         Shrub                          
  ---- ------------ ------------ ---------- ------------ ------ ---------
  VD   0.38^\*\*^   0.74^\*\*^   0.31^\*^   0.76^\*^     0.37   \< 0.01
  VT   1.03         0.82^\*\*^   1.36^\*^   0.90^\*\*^   0.23   0.41
  VV   0.77         0.78^\*\*^   1.05^\*^   0.86^\*\*^   0.15   \< 0.01

Trait abbreviations are provided in [**Table 1**](#T1){ref-type="table"}. \*P \<0.05; \*\*P \<0.01.

Results of phylogenetically nested random model indicated that taxonomic effect was a considerable source of variation in the leaf vein traits ([**Figure 3**](#f3){ref-type="fig"} and [**Supplementary Table S6**](#SM1){ref-type="supplementary-material"}). The variation explained by taxonomy (incorporating effects of clade, order and family) accounted for 17.1--86.6% of the total variation in the three traits, and the taxonomic effect was mainly observed at the clade level, reflecting substantial divergence between basal phylogenetic clades (e.g., gymnosperms and basal angiosperms) and the recently diverged clades (e.g., asterids and rosids). In addition, the influence of phylogenetic background was different between two growth forms, with more 'clade' effect detected for trees than shrubs (62.4--74.4% vs. \<0.01--16.0%) and most of the variation in shrub traits left unexplained (\>56%, [**Supplementary Table S6**](#SM1){ref-type="supplementary-material"}).

![Variance component analysis of vein trains across all species **(A)**, trees **(B)** and shrubs **(C)** using phylogenetic nested analysis of variance (ANOVA). All traits are log~10~-transformed before analysis and their abbreviations are provided in [**Table 1**](#T1){ref-type="table"}.](fpls-10-01735-g003){#f3}

Variation in Leaf Vein Traits Along Altitudinal Gradient {#s3_4}
--------------------------------------------------------

Across all species, there were no clear altitudinal trends in the three leaf vein traits (*P =* 0.116--0.883, [**Figure 4**](#f4){ref-type="fig"}), and different altitude-related changes were observed for the trees and shrubs. In trees, plants from higher altitudes (i.e., 2,934 m and 3,199 m, [**Supplementary Table S1**](#SM1){ref-type="supplementary-material"}) possessed lower VD but higher VT and VV than those from lower altitudes (*P = \<* 0.01--0.049, [**Figure 4**](#f4){ref-type="fig"}). In contrast, the VD of shrubs from the alpine shrubland (3,375 m) was significantly higher than that of shrubs from the *Quercus* forest (1374 m, *P =* 0.016, [**Figure 4A**](#f4){ref-type="fig"}). There were no significant changes in VT or VV of shrub species along the altitudinal gradients (*P =* 0.712--0.538, [**Figures 4B, C**](#f4){ref-type="fig"}).

![**(A--C)** Shows the changes in vein traits along the altitude for all species, trees, and shrubs. Error bars represent standard deviation. Different letters in each growth form indicate significant differences among altitudes (*P \<*0.05). Trait abbreviations are provided in [**Table 1**](#T1){ref-type="table"}.](fpls-10-01735-g004){#f4}

Mixed-effect models, which were used to quantify the effects of growth form and aridity index (AI) on root trait variation, indicated that both fixed and random factors (i.e., *R^2^* ~c~) could explain 15--21% of the variation in VD, VT, and VV ([**Table 3**](#T3){ref-type="table"}). Growth form and its interaction with AI significantly affected altitudinal changes in the leaf vein traits (all *P \<*0.01), explaining 1.11--9.95% of the total variance ([**Table 3**](#T3){ref-type="table"}). For trees, both VT and VV increased with increasing AI (*P* = 0.012--0.044, [**Figures 5B, C**](#f5){ref-type="fig"}), whereas VD did not (*P* = 0.458, [**Figure 5A**](#f5){ref-type="fig"}), and in shrubs, only VD increased significantly with increasing AI (*P* = 0.004, [**Figure 5A**](#f5){ref-type="fig"}). It should be emphasized, however, that the *R^2^*-values of these relationships were all below 0.15 ([**Figure 5**](#f5){ref-type="fig"}), indicating the relatively weak effect of climate.

###### 

Statistical model for altitude-related variation in vein trait as a function of aridity index (AI), growth form (GF), and their interaction.

  Fixed Effect   *df*   VD      VT     VV                                                                     
  -------------- ------ ------- ------ ------- ------ ------- ------ ---------- ------ ------- ------ ------- -------
  Intercept      118    0.63    0.14   0.036          1.43    0.08   \< 0.001          0.39    0.15   0.009   
  GF             118    0.28    0.09   0.003   0.47   −0.31   0.13   0.018      4.00   -0.38   0.23   0.105   6.39
  AI             118    0.16    0.14   0.339   1.12   −0.05   0.09   0.571      0.53   0.05    0.16   0.764   1.22
  GF×AI          118    −0.35   0.12   0.005   1.11   0.57    0.16   0.001      9.95   0.86    0.29   0.004   12.47
  *R^2^* ~m~            0.06    0.15   0.15                                                                   
  *R^2^* ~c~            0.21    0.15   0.15                                                                   

df, degree of freedom; SS%, percentage of sum of squares explained. All the trait data are log~10~-transformed prior to analysis and their abbreviations are in [**Table 1**](#T1){ref-type="table"}.

Linear mixed-effects model was fit by restricted maximum likelihood. Random effects in model were 'site'. Marginal R^2^ (R^2^ ~m~) is concerned with variance explained by fixed factors, and conditional R^2^ (R^2^ ~c~) is concerned with variance explained by both fixed and random factors.

![**(A**--**C)** Shows the changes in vein traits along the aridity gradient. AI, aridity index. Insignificant regression lines are shown in dotted lines (*P \>* 0.05). Trait abbreviations are provided in [**Table 1**](#T1){ref-type="table"}.](fpls-10-01735-g005){#f5}

Discussion {#s4}
==========

Based on a large dataset, four key findings were generated by the present study. First, when all species were considered, no clear trends were observed for the vein traits along the altitudinal gradient, and phylogenetic effect explained most of the variation at the clade level, whereas climate exerted very weak influence. Second, the altitude-related patterns in the vein traits of the trees and shrubs differed significantly. In trees, plants from high altitude tended to produce the leaves with the relatively lower VD than those of low altitude. However, the opposite trend was observed in shrubs. Third, the effect of phylogeny on the vein traits differed between trees and shrubs, with tree vein traits being relatively more conserved. Finally, a trade-off between VT and VD was observed for all species, trees, and shrubs, but this relationship was dependent on phylogeny. Overall, our results succeed in quantifying the effects of plant phylogeny, growth form, and environmental variables on leaf vein traits, and provide strong support for the leaf vein trait phylogenetic conservatism hypothesis.

Effects of Plant Phylogeney on Leaf Vein Traits {#s4_1}
-----------------------------------------------

In the present study, both Pagel\'s λ test and the nested random model supported the hypothesis that phylogeny exerted a strong effect on species-level variation in leaf vein traits. Even VD, which is generally considered quite labile ([@B37]; [@B32]), had significant phylogenetic signal at this scale, consistent with the data of some woody plant lineages ([@B44]; [@B23]). However, a previous study of 130 woody angiosperm species reported a lack of phylogenetic signal for vein traits, as evidenced by low Blomberg\'s *K* values and non-zero phylogenetic regression slopes ([@B6]). This inconsistency could be attributed to the use of different phylogenetic signal indices and tests. [@B24] proposed that Pagel\'s λ generally outperformed *K* in detecting phylogenetic signals, whereas *K* was suitable for models with changing evolutionary rates. Indeed, in the present study, both Blomberg\'s *K* and Pagel\'s λ tests were used. Yet, only the Pagel\'s λ tests indicated that there were phylogenetic effects on VT and VV for all species. Another explanation for this inconsistence is that [@B6] only sampled the dominant angiosperms of the forest communities and, thereby, may limited the range of phylogenetic lineages.

In the present study, both the strong conservatism of vein traits and most of the trait variation occurred among different clades, which suggests that leaf venation networks have evolved slowly since the major phylogenetic groups have come into being. Specifically, species from early clades (e.g., conifers) tended to possess low VD but high VT and VV, whereas species from recently diverged clades (e.g., asterid and rosid) tended to possess low VT, with relatively high VD ([**Figure 1**](#f1){ref-type="fig"} and [**Supplementary Table S3**](#SM1){ref-type="supplementary-material"}). Furthermore, VD values of ≥10 mm mm^--2^ were only found in the rosid species. Similar evidence can be found in the dataset compiled from both freshly collected leaves and herbarium materials ([@B7]), which indicated that angiosperm VD ranges from \>5 mm mm^--2^ to 25 mm mm^--2^, whereas non-angiosperm VD consistently averages around 2 mm mm^--2^. Indeed, the high VD observed across modern angiosperms is thought to confer a greater capacity for photosynthesis and has been interpreted as a critical adaptation of angiosperms to dominate in productive environments ([@B8]; [@B10]). Taken together, these results provide strong support for the leaf vein trait phylogenetic conservatism hypothesis.

In addition, the effects of phylogeny on the leaf vein traits were different for the trees and shrubs. For example, the overall phylogenetic structure, at the clade level, explained more variation in the leaf vein traits of tree species than that of shrub species ([**Figure 3**](#f3){ref-type="fig"} and [**Supplementary Tables S5**](#SM1){ref-type="supplementary-material"}), and no significant phylogenetic signals were found for the shrub vein traits ([**Table 1**](#T1){ref-type="table"}). In general, phylogenetic signals can be caused by different processes. Strong phylogenetic signals can result from a variety of evolutionary processes, such as phylogenetic inertia, stabilizing selection, and evolution by Brownian motion among related species, whereas weak signals might indicate evolutionary labile or adaptation to environmental conditions through natural selection ([@B3]; [@B12]). Thus, the lack of a phylogenetic signal in these variables indicates that the leaf venation of shrubs might be affected more by environmental change than by differences among species. Indeed, it is generally acknowledged that in compared with trees, shrubs often have high adaptation to environmental changes and unfavorable habitats ([@B42]; [@B29]). For example, maximum plant stature decreases with increasing drought stress ([@B42]), and tree species with dense and costly evergreen leaves are replaced by drought-deciduous shrubs and ephemeral life-forms, which are active only during short periods of ample water availability ([@B42]; [@B29]). Similarly, trees cannot continue to grow when altitude reaches at a certain height (i.e., treeline), and only shrubs and herbaceous plants can survive and dominate in high altitudes ([**Supplementary Figure S1**](#SM1){ref-type="supplementary-material"}).

Effect of Climate on Leaf Vein Traits {#s4_2}
-------------------------------------

Identifying the relationships between leaf vein traits and the environment is helpful for understanding the distribution of plant species across environments and for paleoclimate reconstruction ([@B37]; [@B32]; [@B5]; [@B6]). However, the ways in which vein traits change along environmental gradients are not fully understood. In previous studies, the trend of increasing VD at lower altitudes has been reported both across multiple tree species ([@B45]) and at the community scale ([@B6]). However, in the present study, no clear altitude-related trends in leaf vein traits were observed across all species, and the observed patterns varied among the different growth forms ([**Table 3**](#T3){ref-type="table"} and [**Figure 5**](#f5){ref-type="fig"}).

Considerable variations were observed between growth forms, which reflected differences in the adaptive strategies of trees and shrubs to their external environment. In Taibai Mountain, deciduous trees with thin but dense leaf vein networks were dominant at lower altitudes (e.g., *Quercus* spp.), whereas conifers, which had contrasting characters, generally dominated at higher altitudes (e.g., *A. fargesii* and *L. potaninii* var. *chinensis*) ([**Supplementary Tables S1**](#SM1){ref-type="supplementary-material"}). Therefore, shifts in dominant species may have contributed to the observed trends of lower VD but greater VT and VV in trees at high altitudes ([**Figure 4**](#f4){ref-type="fig"}). For shrubs, VD increased with increasing altitude and peaked at 3,375 m (i.e., alpine shrubland). In previous studies, plants grown at high altitudes possessed both high stomatal density and leaf nitrogen concentrations ([@B21]; [@B40]). The high VD of shrubs at high altitudes may be matched with the high stomatal conductance (determined by stomatal density) and photosynthetic capacity (associated with leaf nitrogen concentration) during periods of higher resource availability, in order to compensate for the short growth period. Therefore, shifts in species composition along environmental gradients contributed substantially to generating the observed variations in vein traits.

Water availability is often regarded as an important factor that affects the variation of leaf vein networks. For example, the negative relationship between VD and water availability has been clearly observed across biomes at the global scale ([@B32]). However, positive correlations were observed in our study ([**Figure 5**](#f5){ref-type="fig"}), and despite significant relationships between traits and the aridity index, the *R^2^* values of these relationships were all below 0.15 ([**Figure 5**](#f5){ref-type="fig"}). The weakness of these correlations can mainly be attributed to the observation that a substantial proportion of the trait variation occurred at the within-site level and, thus, could not be explained by differences in the climate of the study sites ([**Figure 3**](#f3){ref-type="fig"}) (also found in [@B5]). Within communities, plants can use different strategies to adapt to external environments, thereby masking predicted relationships ([@B35]). For example, small and waxy leaves with stiff leaf cell walls, which are common in shrubs of high altitudes, indicate high investments in avoiding injury by unfavorable environments ([@B28]). Differently, another species dominant at high altitudes (i.e., *L. potaninii* var. *chinensis*, [**Supplementary Table S1**](#SM1){ref-type="supplementary-material"}) sheds its needles as an adaptive strategy to environmental stress.

Furthermore, changes in altitude are often associated with changes in a variety of environmental factors, thereby obscuring the effect of single factors ([@B22]). For example, the low air temperatures that occur at high altitudes could reduce transpiration demand and the flow rate of the venation system ([@B10]; [@B32]), whereas both the high wind velocity and high UV-B radiation could increase the transpiration rate of leaves ([@B22]).

Trade-Off Between Vein Thickness and Density {#s4_3}
--------------------------------------------

Consistent with the general trade-off between VT and VD reported by previous studies ([@B33]; [@B14]), the present study revealed that VT was negatively correlated with VD across all species and growth forms; however, these relationships were dependent on phylogenetic background ([**Figure 2**](#f2){ref-type="fig"} and [**Supplementary Table S4**](#SM1){ref-type="supplementary-material"}). For example, when phylogenetic analyses were conducted, the observed trade-off only remained significant in shrubs. For trees and all species, the VT--VD relationships were insignificant, possibly due to the conservatism of trait combinations in relatively few clades, rather than correlated evolution ([@B16]; [@B39]).

The anatomic structure and tissue displacement inside leaf vein networks influence the balance between CO~2~ uptake for plant photosynthesis and water loss by transpiration ([@B7]; [@B2]; [@B14]; [@B32]).The trade-off between VT and VD can be partially explained by physical space constraints, cost-benefit theory, and evolutionary coevolution ([@B14]). The physical space constraints hypothesis assumes that, like stomata, there must be a minimum allowable proximity between elements of minor veins ([@B17]; [@B18]). The distance of veins to one another is constrained by the requirement of a minimal CO~2~ diffusional continuum between the stomata and photosynthetic tissue ([@B9]). If veins became so widely or densely packed as to coalesce, the vertical connection between the stomata and the photosynthetic tissue would be cut off, since xylem is impermeable to CO~2~ diffusion ([@B9]; [@B14]; [@B6]). Because, veins occupy a single plane in leaves, the only way to increase VD without intersecting neighboring veins is to reduce VT ([@B14]).

High VD can enable higher leaf hydraulic conductance, greater stomatal conductance, and higher rates of gas exchange per leaf area ([@B9]; [@B8]; [@B33]; [@B32]; [@B25]). However, high VD also implies high leaf-construction costs because it requires additional specialized water-conducting tissues, which are rich in carbon-costly lignin ([@B2]; [@B27]). From the perspective of cost-benefit theory, increasing the density of minor veins together with vein tapering is, by far, the most cost-effective strategy, since it allows higher leaf hydraulic conductance and faster rates of photosynthesis for a given carbon investment in lignified tissues ([@B2]; [@B27]). This innovation has far-reaching implications for evolutionary innovations in angiosperms. This advanced leaf venation, together with a more sophisticated stomatal control system and thinner root structures, set the stage for the rise of angiosperms to global dominance following the early Cretaceous (130 million years ago), in response to falling atmospheric CO~2~ concentrations ([@B2]; [@B11]; [@B32]).

Another mechanism that could responsible for the observed reductions in vein conduit size is the evolutionary down-sizing of genome size ([@B14]). With all else being equal, reducing genome size is generally associated with decreasing cell size ([@B18]). For example, in angiosperms, genome size is a strong and positive predictor of guard cell length ([@B18]). Thus, to maintain a balance between hydraulic supply (associated with leaf hydraulic conductance) and transpirational loss (related to stomatal conductance), it is clear that structural assembly of terrestrial angiosperm\'s ability to make productive leaves involved small, but dense, stomata and minor veins ([@B18]; [@B14]; [@B34]).

Conclusion {#s5}
==========

In this study, we tested the leaf vein trait phylogenetic conservatism hypothesis using 93 woody species along an altitudinal gradient. As expected, we found that plant phylogeny exerted an important influence on the variation of leaf vein traits, whereas climate had a relatively weak effect. In addition, the altitude-related trends of leaf vein traits differed between growth forms, which could partially explain the inconsistent conclusion pertaining to trait--climate relationships found in previous studies. Given that environmental differences between sites have relatively little influence on species-level trait variation, the use of community-aggregated values would be a promising strategy for identifying trait-environment relationships and for predicting them on a quantitatively basis ([@B38]; [@B6]). Finally, because the present study sampled a limited number of species (and families), especially for early-divergent groups, evolutionary mechanisms underlying vein trait variation were not well understood. Therefore, in order to enhance our understanding of leaf vein trait evolution, a greater number of early-diverging groups, such as conifers and basal angiosperms, should be included in future studies.
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